In this study, we experimentally confirmed the sensitivity enhancement by the nanowire-based surface plasmon resonance (SPR) sensor structure. Gold nanowire samples with a period of 500 nm were fabricated by interference lithography on a gold-SF10 glass substrate. Sensitivity enhancement compared to a conventional SPR structure was measured to be 31% when evaluated using a varied concentration of ethanol at a dielectric surrounding layer. This result is consistent with numerical data of rigorous coupled-wave analysis. Rough surfaces of thin gold film and gold nanowires are deemed to induce the sensitivity degradation by more than 10%. More significant sensitivity improvement can be achieved by implementing finer nanowires.
INTRODUCTION
A surface plasmon resonance (SPR) biosensor is an optical device based on the excitation of surface plasmons, in which plasma oscillations in a metal film are excited by the incident light in the attenuated total reflection (ATR) configuration to be used as a sensitivity indicator. 1, 2 For ATR configuration, an incident beam is coupled through a prism on a slide glass coated with a gold film. As incident light passes through a transparent dielectric superstrate and is reflected at the metal film to a photodetector, a small change in refractive index induced by interactions amongst biomolecules on the metal surface results in an angular shift of resonance. In the resonance condition, incident light energy is mostly absorbed as excited evanescent waves are coupled to binding analytes on a thin metal film. Since the reflectance curve exhibits a minimum at resonance, surface reactions of interest can be quantified by measuring the shift of the reflectance curve. SPR-based biosensors have successfully measured various biochemical reactions such as antibody-antigen binding, 3 DNA hybridization, 4 biomaterial and cell receptor interactions, 5 and other adsorption processes. 6 Surface plasmons can also be excited in metallic nanostructures. 7 It has been well-known that noble metal nanostructures allow direct and strong optical coupling of the incident light to resonantly driven electron plasma oscillations, called localized surface plasmons (LSPs). Metallic nanostructures, if significantly smaller than the light wavelength, show an intense optical absorption band in the visible range. Compared to surface plasmon polaritons (SPPs) excited in a thin metal film, the LSP resonance (LSPR) excitation is characteristic of substantial enhancement of electromagnetic fields as a result of strong absorption and highly efficient light scattering. 8 These enhanced fields induce significantly high sensitivity to changes in the local environment caused by binding molecules surrounding the nanostructures. Thus, in contrast to a conventional SPR biosensor on a thin film, localized and highly enhanced plasmons can interact with biochemical binding events close to a noble metal nanostructure and subsequently cause a larger shift of resonant LSP modes. The field enhancement has been investigated as a way to break through the sensitivity limit that has long plagued SPR biosensors. While most of the earlier studies used nanoparticles for the convenience of synthesis, 9, 10 we have considered nanowires as an alternative structure to excite LSPs for improved reproducibility. In our previous studies, metallic nanowire-mediated SPR biosensors were shown numerically to enhance the sensitivity by more than an order. 11, 12 The sensitivity enhancement was associated with the structural perturbation of periodic gold nanowires deposited on a thin gold film, which prompts propagating surface plasmons to interfere with excited localized plasmons, whereas local field enhancement can be achieved by resonantly excited LSP modes and coupling effects between the LSP modes. In other words, despite fundamental restraints imposed by SPP-LSP interactions, resonantly excited LSP modes from gold nanowires and optical coupling between the LSP modes can dramatically increase local resonant fields. Our numerical results found that local field enhancement significantly affects the sensor performance and has positive correlation with the sensitivity.
NUMERICAL RESULTS
For numerical analysis, rigorous coupled-wave analysis (RCWA) has been employed to obtain optical characteristics of a periodic structure of gold nanowires on a smooth gold film. 13 In Fig. 1 , one-dimensional gold nanowires with period Λ oriented along the y-axis are regularly patterned on a gold film that supports SPP modes. A 2-nm thick layer of chromium attaches the gold film to a prism. Binding analytes are modeled as a 1-nm thick self-assembled monolayer (SAM) of refractive index 1.526, which covers both gold nanowires and a gold film. The thickness of the gold film is 40 nm for both conventional and nanowire-mediated localized SPR configurations. Since a SAM layer is extremely thin compared with the wavelength of incident light, the absorption can be neglected so that the layer is essentially a dielectric. A TM-polarized light of λ = 633 nm is incident on a side of the prism and the incidence angle is scanned with an angular resolution ∆θ = 0.01°. The dielectric function of a BK7 glass prism and of chromium and gold layers was determined, respectively, as 1.515, 3.48 + 4.36i, and 0.18 + 3.0i at λ = 633 nm. 14 Based on the reports that nanostructures ranging from 20 nm to 50 nm in size produce the strongest and sharpest SPR sensitivity enhancement, 15 gold nanowires considered in this study are also sized in this range. In particular, onedimensional nanowires with a T-, an inverse T-, or a rectangular profile are under consideration for the analysis, where 
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To represent the impact of nanowires on the sensitivity enhancement quantitatively, a sensitivity enhancement factor (SEF) is introduced as ,
where the subscripts NWSPR and SPR represent the plasmon resonance angles with and without analytes of a nanowiremediated SPR configuration and a conventional SPR scheme. For a conventional SPR configuration, the resonance angles with and without bound analytes are 45.29° and 45.12°; thus the resonance shift ∆θ SPR = 0.17°. Using Eq. (1), peak SEFs calculated for T-and inverse T-profiles and presented in Fig. 2 show that a T-profile generally exhibits a larger SEF than an inverse T-profile. The highest SEF obtained of a T-profile is 47.35 at GF = 0.25, while that of an inverse T-profile is 19.29 when the GF = 0.9. For a T-profile, both dominantly excited LSP modes and the structure effect that incurs relatively small interference between substrate and nanowires lead to great improvement of sensitivity.
For an inverse T-profile, however, LSPs are not resonantly excited as the strong interaction with a substrate results in damping of LSP modes. The highest SEF for an inverse T-profile is obtained at Λ = 50 nm, i.e. Λ peak = 50 nm, with all values of GF. On the other hand, for a T-profile, Λ peak varies from 50 nm to 140 nm. From the RCWA calculation, a nanowire-mediated SPR biosensor with a T-profile generally results in larger sensitivity enhancement, particularly at a longer nanowire period. This, in turn, implies that nanowires of a T-profile, since they achieve better performance at a longer period, are relatively easy to fabricate. To study the difference of surface plasmon characteristics between T-and inverse T-profile nanowires, finite-difference time-domain (FDTD) method was also used. The SPR structure calculated in FDTD simulation is identical to the case of RCWA method. For a conventional SPR scheme, field distribution images are presented in Fig. 3 . When a polarized light is incident at the resonance angle of 45.12°, SPP modes are largely excited along metal surface and decay exponentially in the adjacent media, whereas in case of θ = 60°, there is no excitation of propagating surface plasmons. For a nanowire-mediated SPR structure, the electromagnetic field behavior of a T-profile is significantly different from that of an inverse T-profile. For both cases, GF is equal to 0.8 and a nanowire period is 100 nm. From the RCWA calculations, the SEF value and the resonance angle are 40 and 49.85° for a T-profile, and 2.4 and 49.74° for an inverse T-profile, respectively. As shown in Fig. 4 , the excited surface plasmons are highly localized for a T-profile and the field amplitude of propagating SPP modes are insignificant compared to the LSP modes. On the other hand, for an inverse Tprofile, the SPPs are dominantly excited along the gold film and directly interact with the LSP modes around the nanowire cross-section. These results are attributed to two processes; absorption damping and localized coupling between SPPs and LSPs. For a T-profile, dominantly excited LSP modes lead to great improvement of sensitivity as presented in Fig. 2 . For an inverse T-profile, however, LSPs are not resonantly excited as the strong interaction with a substrate results in damping of LSP modes. Moreover, as nanowires attached to the gold film excite LSPs, the LSPs interact with the SPPs that are formed on the surface of the gold film. Larger coupling interaction between LSPs and SPPs for an inverse T-profile than for a T-profile results in greater interference and damping of excited LSPs. As a result, in the case of an inverse T-profile, though excited LSPs may induce minor changes in SPP features, the SPP modes still dominate so that the LSPs do not resonantly affect the SPR with a limited impact of nanowires. Our numerical results show that in general, a T-profile brings about larger damping of SPP modes and more resonantly excited LSP modes than an inverse T-profile. Thus, use of a T-profile improves the sensitivity of nanowire-mediated SPR biosensors more efficiently. 
EXPERIMENTAL RESULTS
We experimentally support theoretically studied sensitivity characteristics of a nanowire-mediated SPR biosensor. In Fig.  5 , a thin gold film was sputtered on a SF10 glass substrate after a chromium layer was applied to increase the adhesion of the gold film to the substrate. Ar gas with a flow rate of 40 sccm was used under a 4 mTorr chamber pressure at the RF power of 250 W for gold and at the DC power of 300 W for chromium, respectively. Gold nanowires with a 500 nm period are patterned on a 40 nm thick gold film by interference lithography. This technique is preferred over electron beam lithography since it can fabricate periodic structures over a relatively large area at the expense of the long grating period (Λ) that can be as small as half the wavelength (λ) of light source, i.e. Λ = λ/2sin(θ/2) with θ as an interference angle. Azobenzene copolymer (57042-7, Sigma Aldrich, St. Louis, MO) was used as a photo-responsive polymer. It was dissolved in tetrahydrofuran at a concentration of 3%. The polymer film coated on a gold layer by spin coating was dried for 6 hours at 70°C and irradiated by two coherent beams of a 488-nm sapphire laser (100 mW) at θ = 60 deg. Patterns on the copolymer have been transferred as gold nanowires after uniform dry-etching of the copolymer followed by gold sputtering for planarization and dry-etching processes, and finally removing the entire copolymer. The etch rate of gold using Cl 2 (56 sccm), CF 4 (30 sccm), and O 2 (10 sccm) gases was 400 Å/min for a 0.1 Torr pressure at the power of 200 W. For more effective sensitivity performance, gold nanowires have been intended to take roughly an inverse trapezoidal shape with a 500 nm period, 250 nm width (i.e. fill factor f = 50%), and 60 nm height. However, severe non-uniformity in the dry-etching processes caused substantial roughness on the surface as shown in Fig. 6 . The effect of roughness on the sensitivity has been reported as degrading, which is to be discussed in more detail subsequently. The total effective area where nanowires have been formed was approximately 5 x 5 mm A conventional thin film based SPR structure has also been evaluated for a comparison study. For the conventional structure, a 40 nm thick gold film and a 2-nm thick layer of chromium have been deposited on a SF10 glass substrate. The characterization of the nanowire-mediated SPR biosensor structure has been performed with an in-house optical setup using an intensity-based angular interrogation scheme (see Fig. 7 ). Note that a recent study found the sensitivity performance of an intensity-based scheme comparable or superior to that of a phase-sensitive SPR biosensor. Our set-up employs a polarized 10 mW HeNe laser (λ = 0.6328 µm) and dual rotation stages (URS75PP, Newport, Irvine, CA), prealigned for the sensor chip and a calibrated photodiode (818-UV, Newport, Irvine, CA), with a nominal resolution of 0.002°. The sensitivity limit of the set-up can be easily improved by using a low noise laser and/or a more sensitive detector such as a photomultiplier tube. The sensitivity of the nanowire-based SPR structure has been evaluated by measuring the dependence of resonance angles (θ SPR ) on ethanol concentration as presented in Fig. 9 . When the concentration of ethanol solution increases from 0% to 5%, which corresponds to an increase of refractive index from 1.33 to 1.3315 assuming n(water) = 1.33 and n(100% ethanol) = 1.36, the resonance angle shift (∆θ SPR ) for a conventional SPR scheme is 0.132° and for a nanowiremediated SPR structure of Λ = 500 nm, ∆θ SPR is 0.173°. An error bar is larger for the sample of periodic nanowires, since the nanowire pattern is not perfectly uniform in the sample area in Fig. 1-(b) . However, linear regression analyses show that the resonance shift is fairly linear for both cases of with and without nanowires. Sensitivity enhancement factor (SEF), defined as the ratio ∆θ SPR (with nanowires)/∆θ SPR (without nanowires), was measured to be 1.31, indicating 31% increase in sensitivity. The measurement is in good agreement, particularly in the case of a conventional SPR structure, with numerical data calculated by RCWA for an identical configuration. For the nanowire-based SPR sample, discrepancies on linear fits of SEF between the experiments and the simulations are mainly attributed to the surface roughness of the gold film and nanowires. The sensitivity degradation is primarily caused by surface roughness, which the numerical data suggest to have affected at least by more than 10%. The roughness is also responsible for spatial variances in the sensitivity results. In discussion, considering that the nanowire period used in this study is 500 nm, the results promise the possibility of significant sensitivity improvement through simple reduction of the period. Earlier studies indicate that optimized performance in terms of sensitivity (SEF close to 30) and SPR characteristics can be obtained with nanowires of Λ = 50 nm. On the other hand, it is quite interesting to see that sensitivity is enhanced even at Λ = 500 nm by forming extremely narrow nanogrooves, although in this case amplification of fields are mostly localized near nanogrooves where relatively few target molecules can be diffused. It should also be noted that SEF is a function is target analytes. Evaluation with ethanol tends to underestimate the sensitivity than in the case of using self-assembled monolayers. Thus, the data presented in this study are close to the worst-case results.
CONCLUSIONS
We have fabricated an SPR structure and nanowires of Λ = 500 nm based on interference lithography to excite LSPs. Using varied ethanol concentration, sensitivity enhancement of SEF = 1.31 has been measured over a thin film based conventional structure. The results are consistent with theoretical data. It is expected that use of finer nanowires will enhance the sensitivity by more than ten-fold.
